Enteroviruses (EV) are small, non-enveloped, positive-sense RNA viruses belonging to genus *Enterovirus* of the *Picornaviridae* family and are associated with a spectrum of human diseases such as fever, hand, foot and mouth disease (HFMD), paralysis, aseptic meningitis, encephalitis, myocarditis and neonatal enteroviral sepsis[@b1][@b2][@b3].

EVs are amongst the most common viruses infecting humans worldwide. Although most EV infections are asymptomatic, estimates are that as many as 5 to 10 million symptomatic EV infections occur each year in the United States[@b1]. EV infection can cause serious illnesses in children \<15 years of age, and it has become a global public health problem.

Serotypes of human EVs have traditionally been classified into echoviruses (E), coxsackieviruses (CV) group A and B and polioviruses (PV) by neutralization test. In 1999, molecular typing method was introduced which suggests strains with \<70% VP1 nt similarity are classified as different types and the strains with \>75% VP1 nt similarity are classified as members of same type, and led to the discovery of a large number of new EV types[@b4][@b5][@b6][@b7]. Currently, human EVs comprise more than 100 types which are classified into 4 species, EV-A to EV-D[@b3][@b8]. EV-B has been demonstrated the predominant species in most parts of the world (including Shandong Province of China), whilst a study conducted in Cameroon uncovered a high prevalence of EV-C[@b2][@b9][@b10][@b11][@b12][@b13].

PV infection is known to be associated with acute paralytic poliomyelitis[@b14]. No case due to indigenous WPV has been identified in China since 1994. However, a poliomyelitis outbreak caused by imported WPV occurred in Xinjiang Uighur Autonomous Region of China in 2011. Altogether 21 cases were confirmed infection with WPV and they were identified between July 3 and October 9[@b15]. In September, many Xinjiang students returned to school in Shandong after summer vacation. In support of global polio eradication, we conducted an investigation on EV infection in these students, and analyzed the genetic characterization of three scarcely isolated EV-C types.

Results
=======

Overview
--------

The locations of Xinjiang and Shandong Provinces are illustrated in [Fig. 1](#f1){ref-type="fig"}. There is a long geographic distance (\~2600 km) between the two provinces. Altogether 3113 Xinjiang students are enrolled in schools in 11 out of 17 cities in Shandong province in 2011. Ages ranged from 7 to 22 years; most (74.8%) were 15--19 years of age. Altogether 397 (13.5%) students had received all 4 doses of OPV immunization whilst 224 (7.6%) did not; OPV immunization status of the rest 2311 (78.8%) students was not available.

Virus isolation and typing
--------------------------

Stool specimens of 376 students from southern Xinjiang were collected, and enteroviruses were isolated from 10 students. Four isolates were identified as PV, including 1 PV1, 2 PV3 and 1 mixture of PV1 + PV3. Sequencing on entire VP1 coding region revealed that they were all Sabin strains with number of substitutions ranging from 1 to 2. No WPV was identified.

Molecular typing on the rest 6 non-polio enteroviruses (NPEV) revealed 1 CVA13, 3 CVA17 and 2 EV-C99. All were recovered in HEp-2 cell line except 1 CVA17 in RD cell. They were isolated from 4 males and 2 females, and ages ranged from 15 to 20 years.

VP1 sequence analysis of NPEV
-----------------------------

The complete VP1 sequences of the NPEV isolates from Xinjiang Students were aligned with global sequences obtained from GenBank.

CVA13 prototype strain Flores was isolated in Mexico in 1952, whilst most (73.3%, 33/45) of available VP1 sequences of CVA13 came from African countries including Cameroon, Madagascar and Central African Republic. Others included Bangladesh, USA, Australia and Argentina with relatively low frequency. To the best of our knowledge, this is the first identification of CVA13 in China. Homologous comparison on VP1 region showed that strain QD62/SD/CHN/11 from a Xinjiang student had 71.3--81.8% nucleotide (nt) and 84.4--97.7% amino acid similarity with strains from other countries, reflecting that it had distant genetic relationship with other strains. Phylogenetic analysis revealed that although this strain was segregated into a group mainly comprised of African strains, it did not have close relationship with any CVA13 strain ([Fig. 2](#f2){ref-type="fig"}).

Altogether 10 CVA17 VP1 sequences can be obtained from GenBank. They were isolated from Cameroon (n = 3), Madagascar (n = 3), Bangladesh (n = 2), South Africa (n = 1, prototype strain) and Cambodia (n = 1). Besides, 3 CVA17 strains were isolated during the acute flaccid paralysis (AFP) surveillance conducted in Shandong Province from 1988 to 2013 (2 in 1990 and 1 in 2013), and they were included in the sequence analysis. Strains from Xinjiang students had 93.8--100% VP1 nucleotide similarity with each other, 81.0--95.8% with Shandong AFP isolates, and 76.5--84.6% with strains from other countries. Phylogenetic analysis revealed that strains from Xinjiang students had closest genetic relationship with an AFP strain 13061 in 2013 ([Fig. 2](#f2){ref-type="fig"}), and the average *p*-distance between them is 0.067.

Altogether 9 EV-C99 VP1 sequences from GenBank were available and used for sequence analysis. EV-C99 prototype strain BAN00-10461 was isolated from an AFP case in Bangladesh in 2000. Other strains were from USA, Madagascar, Bangladesh and Oman. Two strains previously isolated from healthy children in Xinjiang Province in 2011[@b16] were also included. Strains from Xinjiang students had 92.1% VP1 nucleotide similarity with each other, 82.7--92.8% with previously reported Xinjiang strains, and 74.2--82.9% with strains from other countries. Phylogenetic analysis revealed that strains from Xinjiang students were clustered together with one previously reported Xinjiang strain KF129412/KSSC-ALXHH01F/XJ/CHN/2011.

Analysis of the EV-C99 genome
-----------------------------

Complete genomes of EV-C99 strains YT23 and YT31 consisted of 7454 and 7456 nucleotides respectively, and encoding polypeptides of 2211 amino acids. The difference in genome length resulted from a 2-nt insertion at nucleotide position 101 in 5′ UTR of strain YT31. Strain YT23 and YT31 had 78.5--93.2% complete genomic similarity with other nine EV-C99 strains, and 92.9% with each other. In the polypeptide region, strain YT23 and YT31 had 77.8--93.0% nucleotide and 91.4--97.4% amino acid similarity with other nine EV-C99 strains, and 92.6% nucleotide and 97.4% amino acid similarity with each other.

Recombination analysis
----------------------

Similarity plot and bootscanning analysis was performed on EV-C99 strains from Xinjiang students with other nine global EV-C99 strains ([Fig. 3](#f3){ref-type="fig"}). The two strains in this study had high similarity with another previous reported Xinjiang strain (KF129412) throughout the complete genome. Nevertheless, still some intratypic recombination events were revealed. The highest similarity was observed in different regions with different strains. In the P1 coding region, strain YT23 had the highest similarity with strain KSSC-ALXHH01F. In nt positions 4,800--4,200 (partial P2 coding region), it had the highest similarity with strain YT31. In nt positions 5,500--6,000 (the partial P3 coding region), it had the highest similarity with strain HT-XEBGH09F/XJ/CHN/2011. Also, a similarity plot analysis with all EV-C genomic sequences available in GenBank (n = 97) was performed while no more intimate genomic sequence was observed.

Discussion
==========

The last indigenous WPV in China was isolated in 1994. However, importation of WPV into China has appeared several times, including importation from Myanmar in 1995 and 1996, from India in 1999, and most recently from Pakistan to Xinjiang in 2011[@b15][@b17]. In September 2011, when school opened after summer vocation, many Xinjiang students returned to school in Shandong. Since the students from southern Xinjiang had the possibility of being infected by WPV, in order to monitor and prevent the potential transmission by these students, we conduct the virological investigation on this population. The zero isolation of WPV provides valuable information for the control of the poliomyelitis outbreak.

EV-B is the predominant species from EV surveillance in many parts of the world[@b2][@b10][@b11][@b12][@b13]. Similarly, during the AFP surveillance conducted in Shandong Province from 1988 to 2013, EV-B was the most frequently isolated species and EV-C only accounted for 5.1% of isolation. According to the results of EV surveillance in USA from 1970 to 2005, CVA13 and CVA17 only accounted for 0.06% and 0.016% of total reports[@b2]. However, a study in Cameroon uncovered a high prevalence of EV-C[@b9], suggesting various composition of circulating EV types in different parts of the world. In this study, all NPEVs from Xinjiang students were EV-C types including CVA13, CVA17 and EV-C99. So, it is most likely that EV-C frequency in Xinjiang is higher than eastern China provinces (such as Shandong). CVA13 and EV-C99 had not been previously identified in Shandong yet. Their isolation from Xinjiang students reveals the existence of long-distance spread and provides the possibility of local circulation in Shandong. Continuous surveillance on EV in the future can provide further information on understanding the circulation of these serotypes.

Since the introduction of molecular typing method, many newer enterovirus serotypes have been identified from AFP cases in Shandong and other provinces of China[@b7][@b13][@b16][@b18][@b19][@b20]. Besides two EV-C99 strains isolated from students from southern Xinjiang in 2011, two other EV-C99 strains had also been previously reported to be isolated from healthy children in southern Xinjiang during the outbreak in 2011[@b16]. High genetic divergence (82.7--92.8% VP1 similarity) among these Xinjiang strains was observed, suggesting EV-C99 was not a new virus in southern Xinjiang and has circulated for a long period. Similarity plot and bootscanning analysis on all EV-C99 isolates provided evidence of recombination in the complete genomes, but the percent support values in bootscanning analysis were not high (\<95%) and no strains had high than 99% similarity in any of the genomic regions. So, none of these strains can be simply designated as recombination partners. Technically, since the recombination frequency of EV is very high and available genomic sequences from GenBank is very limited, and point mutation in EV genome occurs frequently (high substitution rate), it is difficult to identify the exact recombination partner currently. So, via the recombination analysis in this study, we can only get the evidence of occurrence of recombination in the genome of these EV-C99 strains, but cannot conclude where, when, with whom recombination happened. More genomic sequences of currently circulating strains from different spatial and temporal circumstances are needed to understand the evolution and recombination of EV types.

VP1 sequence analysis revealed CVA13, CVA17 and EV-C99 strains from Xinjiang students had great genetic divergence with strains from other countries. Most CVA13 strains available in GenBank came from African countries, CVA17 strains came from African and Asian countries, and most EV-C99 strains came from Asia. The absence of European stains is most likely due to the low prevalence of these three serotypes there. All the strains of the three serotypes available in GenBank were isolated from stool specimens from healthy people or AFP cases, so to date little information is available for their pathogenic properties. More surveillance data are needed to understand the evolutionary genetics and epidemiology of these viruses.

Methods
=======

Ethics statement
----------------

The ethical approval was given by Ethics Review Committee of the Shandong Center for Disease Control and Prevention, and the study was conducted in compliance with the principles of the Declaration of Helsinki. Written informed consents for the use of their clinical samples were obtained from the students or their legal guardians.

Virus isolation
---------------

Stool samples from the Xinjiang students were collected and processed according to standard procedures recommended by the WHO[@b21]. The ethical approval was given by Ethics Review Committee of the Shandong Center for Disease Control and Prevention, and the study was conducted in compliance with the principles of the Declaration of Helsinki. Written informed consents for the use of their samples were obtained from the students or legal guardians. RD, HEp-2 and L20B cell lines were used for EV isolation[@b21]. A total of 200 μl of chloroform-treated stool solution was added to each of the cell culture tubes, and the inoculated cells were examined daily. After 7 d, the tubes were re-passaged and another 7-d examination was performed. Infected cell cultures were harvested after complete cytopathic effect was obtained. To avoid cross contamination, cell tubes of normal cells served as negative controls. Isolates from RD or HEp-2 cell lines were re-passaged to L20B cell line, and were designated as NPEV if no cytopathic effect was observed.

VP1 amplification, sequencing and molecular typing
--------------------------------------------------

Total RNA was extracted from 140 μl of the infected cell culture using QIAamp viral RNA mini kit (Qiagen, Valencia, CA, USA) and reverse transcription-PCR (RT-PCR) was performed by using Access RT-PCR System (Promega, USA) according to the manufactures\' protocol. The full-length VP1 sequences were determined by RT-PCR and sequencing using the following primer pairs (in the 5′ to 3′ direction): UF1 (GAT GAY TWY ACI GMI GGI GG) and UR1 (CCR TCI TAR AAR TGI SWR TAI GC) for 5′ end amplification, and 040[@b8] (ATG TAY RTI CCI MCI GGI GC) and DR1 (GCY WTR TTY TGR TGI CCR AA) for 3′ end amplification. Combination of 5′ and 3′ end sequences yielded entire VP1 coding sequences. PCR positive control was offered in Access RT-PCR System and performed according to the manufacture\'s protocol. To avoid cross contamination, reagent control and negative control were also included in the RT-PCR reaction. PCR positive products were purified and sequenced with the BigDye Terminator v3.0 Cycle Sequencing kit (Applied Biosystems, Foster City, CA), and sequences were analyzed by ABI 3130 genetic analyzer (Applied Biosystems, Hitachi, Japan). Molecular typing based on VP1 sequences was performed using online Enterovirus Genotyping Tool version 0.1[@b22].

Homologous comparison and phylogenetic analysis
-----------------------------------------------

Nucleotide sequence alignments were carried out by BioEdit 7.0.5.3 software[@b23]. Phylogenetic trees were constructed by Mega 4.0 using neighbor-joining method after estimation of genetic distance using the Kimura two-parameter method[@b24]. A bootstrapping test was performed with 1,000 duplicates.

Complete genome sequencing and recombination analysis
-----------------------------------------------------

EV-C99 is a newly identified EV serotype of species *Enterovirus C*. Its prototype strain (BAN00-10461) was isolated in Bangladesh in 2000[@b25]. Current information on EV-C99 or other new EV serotypes in circulation is very limited, and many properties of these new types remain unknown. So, whole genome sequencing was performed on two EV-C99 strains in this study. The RT-PCR amplification on the rest of the genome of EV-C99 strains was performed using five pairs of primers designed in this study ([Table 1](#t1){ref-type="table"}). Positive products were purified and sequenced bi-directionally as described above. The similarity plot and bootscanning analysis on EV-C99 strains was analyzed by using SimPlot 3.5.1 program[@b26], with a 400 nt window moving in 20 nt steps and Jukes-Cantor correction. The available EV-C99 strains (with GenBank accession numbers) used for sequence comparisons were: HEV-99_68229 (JF260926), USA-GA84-10636 (EF555644), USA-Ok85-10627 (EF015012), BAN04-10697 (EF015010), BAN01-10582 (EF015009), BAN00-10461 (EF015008), HT-XEBGH09F/XJ/CHN/2011 (KF129411), KSSC-ALXHH01F/XJ/CHN/2011 (KF129412) and OMA99-10696 (EF015011).
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![Locations of Shandong and Xinjiang Province.\
Maps were created using Mapinfo software; data are from the National Fundamental Geographic Information System (NFGIS) website (<http://ngcc.sbsm.gov.cn/>).](srep06564-f1){#f1}

![Phylogenetic tree based on complete VP1 sequences of CVA13, CVA17 and EV-C99.\
Circles indicate prototype strains, triangles indicate strains obtained in this study and squares indicate strains from Shandong AFP cases. Rranches in green, light blue, deep blue and red indicate strains from Africa, Australia, Asia and America, respectively.](srep06564-f2){#f2}

![Similarity plot (A) and bootscanning analysis (B) of complete genome of strain YT23/SD/CHN/2011with other EV-C99 strains.\
Each point represents the similarity between the query sequence and a given heterologous sequence, with a 400 nt window moving in 20 nt steps. Positions containing gaps were excluded from the analysis.](srep06564-f3){#f3}

###### Primers used for PCR amplification of the genome of two EV-C99 strains

  Primer         Sequence (5′ to 3′)         Position[\*](#t1-fn1){ref-type="fn"}
  -------- -------------------------------- --------------------------------------
  1S        TTAAAACAGCTCTGGGGTTGTTCCCACCCC                  1--30
  562A          GAAACACGGACACCCAAAGTA                      562--542
  451S           CCCCTGAATGCGGCTAATCC                      451--470
  2634A        GAGGCTCCGGTCTCAACAGCTGT                    2634--2612
  3172S      AGTTTCAATCAATGACTTTGGAACCTT                  3172--3198
  5777A      CATACATGTTGGGGTACTTRCTAGTGTT                 5777--5750
  5444S       GGGTTTGACTATGCAGTKGCHATGGC                  5444--5469
  7035A       TAGTCTTTTCCTGATTGGGCTAGGAG                  7035--7010
  6860S       GGCACHTCAATHTTTAAYTCAATGAT                  6860--6885
  7440A        CTCCGAATTAAAGAAAAATTTACC                   7440--7417

\*Nucleotide sequence coordinates are given relative to the genome sequence of PV1-Sabin (AY184219) for orientation only.
